A small number of eukaryotic micro-organisms, the oleaginous species, can accumulate triacylglycerols as cellular storage lipids, sometimes up to 70% of the biomass. Some of these lipids, particularly those containing high proportions of polyunsaturated fatty acids of nutritional and dietary importance, are now in commercial production; these are known as single-cell oils. The biochemistry of lipid accumulation has been investigated in yeasts and filamentous fungi and can now be described in some detail: lipid accumulation is triggered by cells exhausting nitrogen from the culture medium, but glucose continues to be assimilated. Activity of isocitrate dehydrogenase within the mitochondrion, however, now slows or even stops due to the diminution of AMP within the cells. This leads to the accumulation of citrate, which is transported into the cytosol and cleaved to acetyl-CoA by ATP:citrate lyase, an enzyme that does not occur in non-oleaginous species. This enzyme is therefore essential for lipid accumulation. The presence of this enzyme does not, however, explain why different species of oleaginous micro-organisms have different capacities for lipid accumulation. The extent of lipid accumulation is considered to be controlled by the activity of malic enzyme (ME), which acts as the sole source of NADPH for fatty acid synthase (FAS). If ME is inhibited, or genetically disabled, then lipid accumulation is very low. There is no general pool of NADPH which can otherwise be used by FAS. The stability of ME is therefore crucial and it is proposed that ME is physically attached to FAS as part of the lipogenic metabolon. ME activity correlates closely with lipid accumulation in two filamentous fungi, Mucor circinelloides and Mortierella alpina. When ME ceases to be active, lipid accumulation also stops. No other enzyme activity shows such a correlation.
Introduction
Current interest in micro-organisms as sources of edible oils, the single-cell oils (SCOs), centres around their ability to produce oils that are rich in particular polyunsaturated fatty acids that are in demand as dietary supplements and for infant nutrition. Chief amongst such micro-organisms are Mucor circinelloides as a source of y-linolenic acid (1 8 : 3, n -6 ) , Mortierella alpina for producing arachidonic acid (20 : 4, n -6), and Crypthecodinium cohnii and Schizochytrium spp. for docosahexaenoic acid (22 : 6, n -3 ) production. All these organisms are used, or have been used, commercially to produce the various SCOs, being grown in stirred tank fermenters of up to 220 m3 capacity [l].
While SCO formation has been known for over 100 years, it is only within the last 20 years or so that any attempt has been made to understand the process of lipid accumulation in the so-called oleaginous species. Not all miro-organisms have the capacity to accumulate lipid, usually in the form of triacylglycerols; for example, among the some 600 species of yeasts, less than 30 have so far been identified as being able to accumulate more than 20% of their biomass weight as oil [2, 3] . Yeasts, such as brewer's or baker's yeast (Saccharomyces cerevisiae) and the food yeast (Candida utilis), are normally unable to accumulate > 5-10% of their biomass even when grown in the same manner as other yeasts, such as Rhodotorula spp., Lipomyces starkeyi and Cryptococcus curvatus (also known as Apiotricum curvatum), which can accumulate between 40 and 70 yo of their biomass as lipid.
This then prompts the question of what particular biochemical properties do the oleaginous species have that enables them to accumulate lipid that the non-oleaginous species do not share ?
There is, however, a further question to answer and this is to ask why some oleaginous species are able to accumulate more lipid than other species. Not all species will accumulate lipid to the same extent, even though they share the same basic biochemical pathways.
This presentation seeks to provide, albeit rather short, answers to both these questions. For 
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Biochemistry of oleaginicity
Lipid accumulation in an oleaginous microorganism begins when it exhausts a nutrient from the medium; usually this is nitrogen, but with a surfeit of carbon, usually in the form of glucose, still remaining. Glucose continues to be assimilated by the cells and is converted into triacylglycerols at more or less the same rate at which lipid was synthesized during the balance phase of growth. However, as the limitation in the supply of nitrogen means that cell proliferation is prevented, the lipid that is now formed has to be stored within the existing cells which can no longer divide; hence we have the obese micro-organism ! The first identifiable biochemical event following exhaustion of nitrogen from the growth medium is the activation of AMP deaminase [S] :
This activity can be seen as an ammoniascavenging mechanism, which can only be a short-term measure to alleviate the deficiency of nitrogen within the cells. The consequence of the decrease in concentration of AMP is concomitant with a sudden change in oxygen consumption of the cells and in CO, output [6] . This is attributable to isocitrate (NAD+-linked) dehydrogenase (ICDH) within the mitochondrion ceasing, or slowing, its activity. This enzyme in the oleaginous micro-organism has an absolute requirement for AMP, but in the non-oleaginous cell, the enzyme has no such absolute dependency [7] . The inactivation of ICDH arising from the fall in the intracellular concentration of AMP thus explains the changes in respiration that occur within 15 min of the cells exhausting nitrogen from the medium. Cessation of ICDH activity quickly leads to a build-up of citrate as isocitrate, which is no longer being metabolized, then rapidly equilibrates with citrate via aconitase. No other enzyme was found that was so affected by sesamol. Further work was carried out with a mutant of Aspergillus nidulans that no longer had ME activity and showed that this mutant had also lost its ability to accumulate lipid [9]. Indeed, without the burden of having to produce storage lipid, this mutant now grew better than the original parent strain. For fatty acid synthesis to occur, it is not only essential for there to be a continuous supply of acetyl-CoA, which is clearly provided in the oleaginous micro-organism by ACL as described above, but there must also be a supply of NADPH. Thus 2mol of NADPH are required for every acetyl (or malonyl) moiety that is added to the growing fatty acyl chain during biosynthesis by fatty acid synthase (FAS). Also, 1 mol of NADPH is required for each of the two reductive steps in FAS : 3-ketoacyl reductase and 2,3-enoyl reductase. Until the present time, it has been tacitly assumed that NADPH will be provided from a general pool that will be generated by a variety of enzymes. However, although ME activity pro-
vides less than 1 5 % of the total NADPHproducing potential of the cells (the principal other enzymes being glucose-6-phosphate dehydrogenase, 6-phosphogluconate dehydrogenase and cytosolic NADPH-isocitrate dehydrogenase, all of which were more active than ME in M. circinelloides), without ME activity lipid accumulation was severely curtailed [9]. Thus, at least in the fungi that we have studied, there is no such thing as a pool of NADPH. NADPH for fatty acid synthesis has to be provided exclusively by ME, suggesting that there must be some physical association of ME with FAS.
Our continuing examination of lipid accumulation then compared the biochemistry of lipid accumulation in two fungi : M. circinelloides and M . alpina. The former, when grown on glucose, never accumulates more than 25 yo lipid under any growth conditions, whereas the latter organism normally produces up to 50% lipid but, again, never more than this seeming upper limit. When these organisms were grown in stirred fermenters, with pH, temperature and oxygen controls, under conditions to engender lipid accumulation (i.e. with a nitrogen deficiency in the growth medium), all enzymes that were monitored, except for one, remained fully active throughout the lipid accumulation phase and beyond the point at which lipid accumulation ceased to increase [6] . The exception was ME activity, which, in both fungi, correlated strongly with lipid accumulation. In M.
circinelloides, ME activity ceased approx. 24 h after nitrogen exhaustion and, simultaneously, lipid accumulation then stopped. In M. alpina, ME remained more active, but eventually it also ceased to be active and, once more, lipid accumulation stopped at this stage.
If nitrogen was resupplied to the cultures of M. circinelloides after ME activity had disappeared, ME returned to full activity within approx. 4 h, but, of course, lipid accumulation would not recommence as the new supply of nitrogen would now allow new cell growth to occur. If cycloheximide, as an inhibitor of protein synthesis, was added simultaneously with the new supply of nitrogen to the cells, this prevented resynthesis of ME, suggesting that ME was being regulated at the genetic level, probably by down-regulation of the ME gene following nitrogen exhaustion from the medium [6] .
We are therefore able to suggest that ME is the controlling activity governing the extent to which lipid is able to be accumulated in oleaginous micro-organisms. Our future work aims to identify the ME gene but, as there are at least two, if not three, ME genes present in M. circinelloides, and at least six isoforms of the enzyme, each fulfilling different metabolic roles depending on the environmental conditions and the growth substrate being used [lo] , this is proving a more difficult task than first appreciated. By placing the ME gene under a constitutive promoter, we hope to be able to extend the period of lipid accumulation and thereby increase the amount of lipid stored within the cells from the present maximum of about 25 % to much higher values.
We have also shown that if we inhibit ME activity in other fungi producing secondary metabolites derived from acetyl-CoA, then this prevents lipid synthesis and simultaneously diverts the unused acetyl-CoA into the secondary metabolite; in this case, the formation of gibberellin in Fusarium moniliforme [l 13.
Thus, opportunities for regulating the extent of lipid accumulation in micro-organisms would now seem to be a feasible reality in the near future. Lipid levels could be advantageously increased in organisms being used for the production of desirable oils; equally, lipid contents of cells producing secondary metabolites from acetyl-CoA, e.g. the polyketides, could be decreased with a concomitant increase in the flux of carbon into the desired product.
For ME to be of such a regulatory influence on lipid biosynthesis, we postulate that the original lipogenic metabolon, as proposed by Srere and Linn [12, 13] , should be extended so that, to the association of ACL, FAS and probably acetyl-CoA carboxylase, ME should now be added (see [4] ). Whether this proposal can be extended from the fungi that we have studied to all other oleaginous micro-organisms, or indeed to other systems including plants and even perhaps animals, remains to be seen. However, the long-sought regulatory step in fatty acid biosynthesis would not seem to involve any enzyme activity associated with the flux of carbon into lipid, but in the provision of hydrogen (or reducing equivalents). Fatty acids are, after all, highly reduced materials.
Abstract
Fatty acid biosynthesis is catalysed in most bacteria by a group of highly conserved proteins known as the Type I1 fatty acid synthase (FAS) system. The Type I1 system organization is distinct from its mammalian counterpart and offers several unique sites for selective inhibition by antibacterial agents. There has been remarkable progress in the understanding of the genetics, biochemistry and regulation of Type I1 FASs. One important advance is the discovery of the interaction between the fatty acid degradation regulator, FadR, and the fatty acid biosynthesis regulator, FabR, in the transcriptional control of unsaturated fatty acid synthesis in Escherichia coli. The availability of genomic sequences and high-resolution protein crystal structures has expanded our understanding of Type I1 FASs beyond the E. coli model system to a number of pathogens. The molecular diversity among the pathway enzymes is illustrated by the discovery of a new type of enoyl-reductase in Streptococcus pneumoniae [enoyl-acyl carrier protein (ACP) reductase 11, FabK], the presence of two enoyl-reductases in Bacillus subtilis (enoyl-ACP reductases I and 111, FabI and FabL), and the uw of a new mechanism for unsaturated fatty acid formation in S. pneumoniae (trans-2-cis-3-enoyl-ACP isomerase, FabM). The solution structure of ACP from Mycobacterium tuberculosis revealed features common to all ACPs, but its extended C-terminal domain may reflect a specific interaction with very-long-chain intermediates.
Bacterial Type II fatty acid synthesis
The biosynthesis of fatty acids is the first step in the formation of membrane lipids, and represents a vital aspect of bacterial physiology. Most bacteria and plants synthesize fatty acids using a discrete and highly conserved group of enzymes, designated as the Type 11, or dissociated, fatty acid synthase (FAS) system (reviewed in [1, 2] ). This organization differs from the mammalian Type I system, where all the reactions are carried out by a single multifunctional polypeptide.
The research on lipid metabolism has seen remarkable progress since the establishment of the fatty acid biosynthetic pathway in Escherichia coli, which serves as a model for understanding Type
